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Food and thermogenesis
The consumption of food results in an inevitable loss of some of the energy provided by that food. These losses are various (see Figure I) and variable, and the proportion of ingested energy that is available to metabolism (for maintenance, growth, work, etc.) can range widely, depending on the nature of the diet and the purposes to which it is put within the body. Some of the energy lost is in compounds that cannot be utilized: e.g. undigested complex carbohydrates and the nitrogenous end products of protein catabolism, such as urea. Energy lost as heat (i.e. thermic energy) can be considered to arise from two types of processobligatory and adaptive thermogenic mechanisms. Obligatory losses result from the performance of external work and internal work processes, such as the digestion, absorption and transport of nutrients and the subsequent costs of synthesizing new body tissue from these nutrients. The thermic energy produced by the internal work processes constitutes that part of diet-induced thermogenesis which is more commonly known as, the specific dynamic action (SOA) of food.
There is, however, an additional adaptive component to diet-induced thermogenesis that participates, with appetite control, in the regulation of energy balance. This adaptive mechanism (henceforth referred to as OIT) bears many striking resemblances to nonshivering thermogenesis (NST), which is another component of thermic energy involved in temperature regulation. The similarities between DIT and NST have been described only very recently and one of the most surprising developments concerns the suggestion that both forms of heat production originate in brown adipose tissue.
The concept of an adaptive form of OIT is by no means new, -but its importance as a regulator of energy balance has not been appreciated because of (0) lack of good quantitative evidence, and (b) confusion with other forms of thermic energy (e.g. SDA). The idea that heat production could increase to dispose of energy consumed in excess of requirements goes back to the turn of this century and the work of Neumann (1902) . Neumann found that his weight would remain stable for long periods even though his average daily energy intake varied considerably. Other early workers reported similar effects, but it was not ·until full experimental overfeeding studies in man were carried out (e.g. Apfelbaum et al. 1971 , Ashworth et al. 1962 , Miller & Mumford 1967 , Sims et al. 1973 ) that the importance ofOIT began to claim serious scientific investigation.
Experimental hyperphagia
Translating the human overfeeding experiments to laboratory animals proved difficult because most models of hyperphagia (e.g. animals given ventromedial hypothalamic lesions or pharmacological doses of insulin, or genetically-obese rodents) display many other metabolic defects. Eventually a dietary system, known as cafeteria feeding, was introduced (Sclafani & Springer 1976 , Rothwell & Stock 1979a ) that relied on presenting animals with a large variety of palatable food items to induce voluntary hyperphagia. Using this feeding system, we have been able to produce increases in the metabolizable energy intake of rats of 80% or more above that of controls fed a standard stock diet (Rothwell & Stock 1979a.b) .
The effects of voluntary hyperphagia on the weight gain of rats is, as in man, highly variable and, depending on age, genetic strain and early nutritional and environmental influences, can result in anything from no change in body weight gain to massive obesity. In animals that resist weight gain, there are large increases in metabolic rate (i.e. OIT) and the original observations of this effect (Rothwell & Stock 1979b ) have now been confirmed by measuring all three components of energy balance (energy intake, gain and expenditure) each by two different methods (Rothwell & Stock 1982a.b) . These results should therefore help dispel any lingering doubts (e.g. Hervey & Tobin 1981) concerning the concept of adaptive DIT and the evidence for it. Additional confirmation of the importance of OIT in another species comes from the study of Trayhurn and co-workers (1982) . They found that lean mice over-ate by 69% on the cafeteria diet without gaining any more body energy than controls, whereas their genetically-obese (ob/ob) littermates over-ate by 49% and became even more obese than the stock-fed ob/ob IIIice.
Diet-induced thermogenesis and brown fat
The rise in heat production caused by hyperphagia can be as much as 100% above normal metabolic rate and this obviously requires activation of a special kind of metabolic process that can dissipate energy in a 'wasteful' and non-conservative manner. A similar dissipation of energy as heat occurs during NST, which is exhibited by many cold-adapted animals, hibernators and the neonates of many mammalian species, including man. The tissue mainly responsible for NST (Foster & Frydman 1978) is brown adipose tissue (BAT), which is found mainly in cervical, interscapular, axillary, intrathoracic and perirenal depots. The same tissue also accounts for the increased thermogenic capacity of hyperphagic cafeteria-fed rats (Rothwell & Stock 1981) . The sympathetic nervous system is mainly responsible for activating brown fat thermogenesis and the principal effect is to increase the supply of fatty acids for mitochondrial oxidation. This oxidation produces very little adenosine triphosphate (ATP) because BAT mitochondria possess a unique proton-conductance pathway that uncouples oxidative phosphorylation (Nicholls 1979) . The uncoupled oxidation of fatty acids probably provides the major source of heat for both OIT and NST and it now appears that in this, and almost all other respects, DIT and NST share the same features. These similarities are summarized in Table 1 .
The capacity of BAT to dissipate large amounts of energy via DIT obviously suggests that any impairment in this system would predispose to obesity, and this has now been confirmed in several animal models of obesity (e.g. the ob/ob mouse: Thurlby & Trayhurn 1980 , Trayhurn et al. 1982 . However, to what extent these and other related developments in our understanding of energy metabolism apply to other species, particularly man, has yet to be established. Our current knowledge. regarding man is discussed in a forthcoming review by Blaza (1983) , but it is worth noting here that many of the thermogenic differences seen Journal of the Royal Society of Medicine Volume 76 January 1983 73 Table 1 . Similarities between diet-induced and non-shivering thermogenesis Increased energy intake and expenditure Reduced efficiency of energy utilization Improved cold tolerance and lower threshold temperature for shivering Increased sympathetic activity Activation by {J-adrenergic agonists Inhibition by {J-adrenergic antagonists. ganglionic blocking agents and hypoxia Raised plasma T3. reduced plama insulin and/or improved glucose homeostasis Hypertrophy and hyperplasia of brown adipose tissue Increased mitochondrial respiration and proton conductance Increased Na + • K + -A'TPase activity between the obese and lean (e.g. lung et al. 1979) or between large eaters and small eaters (Morgan et al. 1982 )are similar to those seen in experimental animals. Furthermore, it is now recognized that adult man possesses brown fat, and its activity (judged from histological appearance) can vary with age (Heaton 1972 , Tanuma et al. 1975 ) and with seasonal variations in environmental temperature (Huttunen et al. 1981 ). Nevertheless, it will not be easy to quantify any contribution made by BAT to thermogenic activity in man. We have calculated, for example, that as little as 80-100 g of brown fat, producing heat at half its maximal capacity, could account for approximately 20% of a 70 kg man's daily energy expenditure. Thus, this almost insignificant mass of tissue could make all the difference between him maintaining weight or gaining up to 20 kg per year.
